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LEVEL SHIFTING CIRCUIT AND METHOD 

Related Application 

The present application relies for priority on Korean patent application number 
5 2003-0048062, filed on July 14, 2003, the contents of which are incorporated herein in 
their entirety by reference. 

Field of the Invention 

The present invention relates to a high-speed level shifting circuit and method. 

10 

Background of the Invention 

When connecting logic circuits having different power source voltages, it is 
necessary to shift the logic level of an output signal from one logic circuit to the level of 
the logic circuit that receives the output signal. Typically, this operation is performed by 
15 a level shifting circuit. 

FIG. 1 is a schematic diagram of a conventional level shifting circuit 10. The 
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source voltage VDDL of an input side of the circuit. The circuit 10 also includes four 
20 transistors Ml, M2, M3 and M4, which operate from a power source voltage VDDH of 
an output side of the circuit. . . The transistors M3 and M4 are p-channel MOS (PMOS) 
transistors, and the transistors Ml and M2 are n-channel MOS (NMOS) transistors. 
Transistors Ml and M2 are driven by an input signal VIN, the high level of which is 
VDDL, and the operation voltage of Ml and M2 is VDDH. When the level of the input 
25 signal is converted, a large delay is introduced into the converted signal, which has a 
detrimental effect on the output side circuit. For this reason, the conventional level 
shifter cannot be used as an interface between high-speed logic circuits that operate at 
different power source voltages. 

30 FIG. 2 is a timing diagram illustrating waveforms for the input voltage VIN and 

the output voltage VOUT of the conventional level shifting circuit 10 of FIG. 1. FIG. 2 
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also illustrates a voltage waveform of node T2 of the circuit 10. As illustrated in the 
schematic diagram of FIG. 1, when the input voltage transitions from a low voltage L to a 
high voltage H, the output of inverter IV1 applied to the gate of Ml transitions from H to 
L. The gate input of M2 also transitions from L to H. The output of transistor Ml at 
5 node Tl transitions from L to a second high voltage H\ The output of M2 at node T2 
transitions from H' to L, and the output of inverter IV2 applied as the output voltage 
VOUT transitions from L to H\ 

With regard to the input transistor pair Ml and M2, the maximum voltage of the 
10 pair is VDDL, which is comparatively lower than VDDH. As a result, the initial 

saturation current is limited. Hence, latching speed is limited. The discharge path is 
through M2. Therefore, the operation of the circuit is delayed. FIG. 2 illustrates the time 
delay between the input voltage VIN and the output voltage VOUT. As a result of this 
delay, high-speed operation of the device is limited. The following equation defines the 
15 current of M2. 

L Ml 

where /u N is carrier mobility, Cox is gate capacitance, V T hn is threshold voltage, FT is 
channel width and L is channel length. 

20 With regard to the PMOS cross-coupled pair M3 and M4, since node T2 is 

charged by M3 and M4, the delay time is longer than that of a CMOS cross-coupled pair. 
Also, the load capacitances of nodes Tl and T2 are different. As a result, rising and 
falling times of the signals are different. Therefore, as shown in FIG. 2, the duty cycle of 
the waveforms are distorted. 

25 

One prior art level shifting circuit is disclosed in U. S. Patent number 6,043,699, 
the contents of which are incorporated herein in their entirety by reference. FIG. 3 
contains a schematic diagram of the level shifting circuit of the '699 patent. Referring to 
FIG. 3, when a signal set to a voltage H(Va), analogous to VDDL, is input at terminal 
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Tin, transistors NT51 and NT54 are in an on state. As a result of the on state of NT54, 
the potential at the gate of PT51 rises slightly. Also, since NT51 is in the on state, the 
potential at the gate of PT52 falls, and the potential at its drain rises. At this time, the 
potential at the gate of PT51 rises further, which lowers the potential at the output 
5 terminal Tout. Due to the function of NT54, which operates at the same time as NT5 1, 
high-speed operation is realized. 

Summary of the Invention 

10 In one aspect, the invention is directed to a level shifting device. The device of 

the invention includes first through fifth transistors. The first transistor has its gate 
connected to an input signal, its source connected to a voltage node at a lower voltage 
value, and its drain connected to an output signal. The second transistor has its gate 
connected to an inverted version of the input signal, its source connected to the voltage 

15 node at the lower voltage value, and its drain connected to an inverted version of the 
output signal. The third transistor has its gate connected to the drain of the second 
transistor and its drain connected to the drain of the first transistor. The fourth transistor 
has its gate connected to the drain of the first transistor, its drain connected to the drain of 
the second transistor, and its source connected to a voltage supply at a first upper voltage 

20 value. The fifth transistor has its gate connected to the input signal, its source connected 
to the voltage supply at the first upper voltage value and its drain connected to the source 
of the third transistor. The input signal swings between a second upper voltage value and 
the lower voltage value, and the output signal swings between the first upper voltage 
value and the lower voltage value. 

25 

In one embodiment, the first transistor is a NMOS transistor, the second transistor 
is a NMOS transistor, the third transistor is a PMOS transistor, the fourth transistor is a 
PMOS transistor, and the fifth transistor is a PMOS transistor. 

30 The circuit of the invention can further include a sixth transistor connected 

between the fourth transistor and the voltage supply at the first upper Voltage value, the 
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inverted version of the input signal being applied to the gate of the sixth transistor. In 
one embodiment, the sixth transistor is a PMOS transistor, the first transistor is a NMOS 
transistor, the second transistor is a NMOS transistor, the third transistor is a PMOS 
transistor, the fourth transistor is a PMOS transistor, and the fifth transistor is a PMOS 
5 transistor. In one embodiment, the lower voltage value is ground level. In one 

embodiment, a seventh transistor is connected in parallel with the third transistor between 
the fifth transistor and the first transistor, the inverted version of the input signal being 
applied to the gate of the seventh transistor. In one embodiment, the seventh transistor is 
a NMOS transistor, the first transistor is a NMOS transistor, the second transistor is a 

10 NMOS transistor, the third transistor is a PMOS transistor, the fourth transistor is a 
PMOS transistor, the fifth transistor is a PMOS transistor, and the sixth transistor is a 
PMOS transistor. In one embodiment, an eighth transistor is connected in parallel with 
the fourth transistor between the sixth transistor and the second transistor, the input signal 
being applied to the gate of the eighth transistor. In one embodiment, the eighth 

15 transistor is a NMOS transistor, the first transistor is a NMOS transistor, the second 
transistor is a NMOS transistor, the third transistor is a PMOS transistor, the fourth 
transistor is a PMOS transistor, the fifth transistor is a PMOS transistor, the sixth 
transistor is a PMOS transistor, and the seventh transistor is a NMOS transistor. 

20 In one, embodiment, a sixth transistor is connected in parallel with the third 

transistor between the fifth transistor and the first transistor, the inverted version of the 
input signal being applied to the gate of the sixth transistor. In one embodiment, the sixth 
transistor is a NMOS transistor, the first transistor is a NMOS transistor, the second 
transistor is a NMOS transistor, the third transistor is a PMOS transistor, the fourth 

25 transistor is a PMOS transistor, and the fifth transistor is a PMOS transistor. In one 
embodiment, a seventh transistor is connected in parallel with the fourth transistor 
between the second transistor and the voltage supply at the first upper voltage value, the 
input signal being applied to the gate of the seventh transistor. In one embodiment, the 
seventh transistor is a NMOS transistor, the first transistor is a NMOS transistor, the 

30 second transistor is a NMOS transistor, the third transistor is a PMOS transistor, the 
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fourth transistor is a PMOS transistor, the fifth transistor is a PMOS, and the sixth 
transistor is a NMOS transistor. 

In another aspect, the invention is directed to a level shifting device which 
5 includes first through fifth transistors and a latch circuit. The first transistor has its gate 
connected to an input signal, its source connected to a voltage node at a lower voltage 
value, and its drain connected to an output signal. The second transistor has its gate 
connected to an inverted version of the input signal, its source connected to the voltage 
node at the lower voltage value, and its drain connected to an inverted version of the 

10 output signal. The third transistor has its gate connected to the drain of the second 

transistor and its drain connected to the drain of the first transistor. The fourth transistor 
has its gate connected to the drain of the first transistor, its drain connected to the drain of 
the second transistor, and its source connected to a voltage supply at a first upper 
voltage value. The fifth transistor has its gate connected to the input signal, its source 

15 connected to the voltage supply at the first upper voltage value and its drain connected to 
the source of the third transistor. The latch circuit receives the output signal and the 
inverted version of the output signal. . The input signal swings between a second upper 
voltage value and the lower voltage value and the output signal swings between the first 
upper voltage value and the lower voltage value 

20 , 

In one embodiment, the first transistor is a NMOS transistor, the second transistor 
is a NMOS transistor, the third transistor is a PMOS transistor, the fourth transistor is a 
PMOS transistor, and the fifth transistor is a PMOS transistor. 

25 In one embodiment, a sixth transistor is connected between the fourth transistor 

and the voltage supply at the first upper voltage value, the inverted version of the input 
signal being applied to the gate of the sixth transistor. In one embodiment, the sixth 
transistor is a PMOS transistor, the first transistor is a NMOS transistor, the second 
transistor is a NMOS transistor, the third transistor is a PMOS transistor, the fourth 

30 transistor is a PMOS transistor, and the fifth transistor is a PMOS transistor. In one 
embodiment, the lower voltage value is ground level. In one embodiment, a seventh 
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transistor is connected in parallel with the third transistor between the fifth transistor and 
the first transistor, the inverted version of the input signal being applied to the gate of the 
seventh transistor. In one embodiment, the seventh transistor is a NMOS transistor, the 
first transistor is a NMOS transistor, the second transistor is a NMOS transistor, the third 
5 transistor is a PMOS transistor, the fourth transistor is a PMOS transistor, the fifth 
transistor is a PMOS transistor, and the sixth transistor is a PMOS transistor. In one 
embodiment, an eighth transistor is connected in parallel the fourth transistor between the 
sixth transistor and the second transistor, the input signal being applied to the gate of the 
eighth transistor. In one embodiment, the eighth transistor is a NMOS transistor, the first 
10 transistor is a NMOS transistor, the second transistor is a NMOS transistor, the third 
transistor is a PMOS transistor, the fourth transistor is a PMOS transistor, the fifth 
transistor is a PMOS transistor, the sixth transistor is a PMOS transistor, and the seventh 
transistor is a NMOS transistor. 

15 In one embodiment, a sixth transistor is connected in parallel with third transistors 

between the fifth transistor and the first transistor, the inverted version of the input signal 
being applied to the gate of the sixth transistor. In one embodiment, the sixth transistor is 
a NMOS transistor, the first transistor is a NMOS transistor, the second transistor is a 
NMOS transistor, the third transistor is a PMOS transistor, the fourth transistor is a 

20 PMOS transistor, and the fifth transistor is a PMOS transistor. In one embodiment, a 
seventh transistor is connected in parallel with the fourth transistor between the second 
transistor and the voltage supply at the first upper voltage value, the input signal being 
applied to the gate of the seventh transistor. In one embodiment, the seventh transistor is 
a NMOS transistor, the first transistor is a NMOS transistor, the second transistor is a 

25 NMOS transistor, the third transistor is a PMOS transistor, the fourth transistor is a 
PMOS transistor, the fifth transistor is a PMOS, and the sixth transistor is a NMOS 
transistor. 



In one embodiment, the latch circuit comprises a CMOS transistor configuration. 

30 

Brief Description of the Drawings 
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The foregoing and other objects, features and advantages of the invention will be 
apparent from the more particular description of a preferred embodiment of the invention, 
as illustrated in the accompanying drawings in which like reference characters refer to the 
same parts throughout the different views. The drawings are not necessarily to scale, 
5 emphasis instead being placed upon illustrating the principles of the invention. 

FIG. 1 is a schematic diagram of a conventional level shifting circuit. 

FIG. 2 is a timing diagram illustrating waveforms in the level shifting circuit of 

FIG. 1. 

10 FIG. 3 is a schematic diagram of a level shifting circuit in accordance with the 

prior art. 

FIG. 4 contains a detailed schematic diagram of an embodiment of a level shifting 
circuit in accordance with the present invention. 

FIGs. 5A through 5D contain partial detailed schematic block diagrams of 
15 portions of the circuit of FIG. 4. 

FIGs. 6A through 6C are waveform diagrams illustrating simulation results for a 
conventional level shifting circuit as shown in FIG. 1 for operational frequencies of 
100MHz, 500MHz and 1GHz, respectively. 

FIGs.. 7 A through 7C are waveform diagrams illustrating simulation results for a 
20 level shifting circuit in accordance with the invention, such as the circuit shown in FIG. 
4, for operational frequencies of 100MHz, 500MHz and 1GHz, respectively. 

FIG. 8 is a table containing simulation results for the conventional circuit of FIG. 
1 and the circuit of the invention shown in FIG. 4 for operational frequencies of 10MHz, 
100MHz, 500MHz and 1GHz. 
25 FIG. 9 is a more detailed schematic diagram of the circuit of the invention shown 

in FIG. 4. 

FIG. 10 is a detailed schematic diagram of a level shifting circuit in accordance 
with an alternative embodiment of the invention. 

30 Detailed Description of Preferred Embodiments of the Invention 

FIG. 4 contains a detailed schematic diagram of an embodiment of a level shifting 
circuit in accordance with the present invention. As shown in FIG. 4, the input signals 
VIN and VINB are received by an input buffer 100, and the output signals VOUT and 
VOUTB are output by the output buffer 300. The latch circuit 200 is connected between 



SAM-0521 



the input buffer 100 and an output buffer 300. The darkened lines in FIG. 4 illustrate the 
configuration of the circuit in which the latch circuit 200 is omitted. 

The input buffer 100 includes transistors Ml through M8. The input voltage 
5 range is between ground (GND) and VDDL. The output voltage range is between GND 
and VDDH. The latch circuit 200 includes a pair of inverters 210 and 220 in a CMOS 
cross-coupled pair configuration. The use of a CMOS inverter pair speeds up operation 
of the circuit and facilitates high-speed operation. The output buffer 300 includes a pair 
of inverters 300a and 300b. The inverters of the output buffer 300 provide equal rise and 
10 fall times and, therefore, result in a symmetric output waveform. It should be noted that 
some delay can be avoided by eliminating the latch circuit 200 from the circuit, as 
illustrated by the bold connection lines in FIG. 4. This configuration minimizes delay 
time by using a direct output. 

15 Operation of the circuit of FIG. 4 will now be described in detail in connection 

with FIGs. 5 A through 5D, which are partial detailed schematic diagrams of portions of 
the circuit of FIG. 4 during various stages of operation. FIG. 5 A is a detailed schematic 
diagram of the right side portion of the input buffer 100 as illustrated in FIG. 4. As 
shown, the right side input buffer includes transistors Ml, M3, M5, and M7. FIG. 5B is a 

20 detailed schematic diagram of the left side portion of the input buffer 100 as illustrated in 
FIG. 4. As shown, the left side input buffer includes transistors M2, M4, M6, and M8. 
In an exemplary initial state of operation, the input signal VIN is equal to VDDL. The 
inverted input signal VINB is equal to GND. The voltage at node Nl is equal to VDDH, 
and the voltage at node N2 is GND. The output voltage VOUT is equal to VDDH, and 

25 the inverted output signal VOUTB is equal to GND. 

When the state of the input signal VIN undergoes a transition from VDDL to 
GND, the inverted input signal VINB transitions from GND to VDDL. In the right side 
input buffer, transistor Ml turns off; M5 turns on; M7 turns on; and M3 turns off. The 
30 voltage at node N2 transitions from GND to VDDL - V TH n. In the left side input buffer, 
transistor M2 turns on; M6 turns on; M8 turns off; and M4 turns on. The voltage at node 
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Nl transitions from VDDH to GND, noting that the discharge current of Ml is larger 
than the charge current of M6 and M4. 

FIGs. 5C and 5D illustrate the right side and left side, respectively, of the input 
5 buffer after the transition has taken place. In the right side input buffer, if the potential at 
Nl is smaller than VDDH - V T hp, then M3 is turned on. As a result, the potential at N2 
rises to. VDDH. In the left side input buffer, as a result of the rising potential at N2, the 
decrease in current in M4 and the decrease in potential at node Nl are fast. The latch 
circuit 200 can increase the transition speed, such that Nl reaches GND and N2 reach 
1 0 VDDH very quickly. 

When the transition is complete, in the right side of the input buffer, transistor Ml 
is turned off, such that there is no static current path. In the left side of the input buffer, 
transistors M4 and M8 are turned off, such that there is no static current path. As a result 
15 of this configuration, there is no static current. 

FIGs. 6A through 6C are waveform diagrams illustrating simulation results for a 
conventional level shifting circuit as shown in FIG. 1 for operational frequencies of 
100MHz, 500MHz and 1GHz, respectively. FIGs. 7 A through 7C are waveform 

20 diagrams illustrating simulation results for a level shifting circuit in accordance with the 
invention, such as the circuit shown in FIG. 4, for operational frequencies of 100MHz, 
500MHz and 1GHz, respectively. FIGs. 6A through 6C and 7A through 7C, respectively, 
illustrate the difference in performance over frequency between the conventional circuit 
of FIG. 1 and the circuit of the invention of FIG. 4. FIG. 8 is a table containing 

25 simulation results for the conventional circuit of FIG. 1 and the circuit of the invention 
shown in FIG. 4 for operational frequencies of 10MHz, 100MHz, 500MHz and 1GHz. 

As shown in FIGs. 6A through 6C, the circuit of the prior art exhibits acceptable 
performance at relatively low frequency, i.e., at 100MHz. However, as the frequency 
30 increases, the performance of the circuit deteriorates to an unacceptable level. At 1 GHz, 
for example, as shown in FIG. 6C, the conventional circuit completely fails to produce a 
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useful output waveform VOUT. The table of FIG. 8 also illustrates the unacceptable 
behavior of the conventional circuit at high frequency. At 500MHz, for example, the 
swing range of the output waveform begins to drop. At 1GHZ, the swing range of the 
output waveform is not useful. The duty ratio obtained in the conventional circuit also 
5 deteriorates as the frequency increases. Referring to FIGs. 7A through 7C, the circuit of 
the invention continues to produce good results even as the frequency increases to 1GHz. 
Referring to the table of FIG. 8, the swing range and duty ratio of the output signal 
VOUT maintain acceptable levels even at the highest frequency. 

10 FIG. 9 is a more detailed schematic diagram of the circuit of the invention shown 

in FIG. 4. In FIG. 9, the output buffer 300 is shown as including the inverters 300a and 
300b. The inverter 300a includes transistors M13 and M14. The inverter 300b is shown 
as including transistors Ml 5 and Ml 6. The latch circuit 200 is shown as including 
inverter circuits 210 and 220. The inverter 210 is shown as including transistors M9 and 

15 M10. The inverter 220 is shown as including transistors Ml 1 and M12. The input buffer 
circuit 100 includes portions 100a2 and 100b2. Circuit 100a2 includes transistor circuit 
1 10a2, including transistors M4, M6, and M8, and transistor circuit 120a2, including 
transistor M2. Circuit 100b 2 includes transistor circuit 1 10b2, including transistors M3, 
M5, and M7 and transistor circuit 120b2, including transistor Ml. 

20 

To illustrate operation of the circuit of FIG. 9, a transition of states in the circuit 
will be described. In an initial state, VIN = GND, N2 = VDDH, VOUT = GND, VINB = 
VDDL, Nl = GND, and VOUTB = VDDH. In operation, VIN transitions from GND to 
VDDL, and VINB transitions from VDDL to GND. Transistors Ml, M3, M5, M6 and 

25 M8 turn on, and M2, M4 and M7 turn off. The discharge current of Ml is larger than the 
charge current of M3-M5, so the voltage of N2 is reduced to GND. In this embodiment 
of the invention, M8 turns on faster than M4, and M8 provides an additional charge path 
to the Nl node. As a result, the voltage at Nl in this embodiment, rises faster than that of 
a conventional level shifter. That is, the level shifter of this embodiment operates at 

30 higher speed than a conventional level shifting circuit. 
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FIG. 10 is a detailed schematic diagram of a level shifting circuit in accordance 
with an alternative embodiment of the invention. The circuit of FIG. 10 is different from 
the circuit of FIG. 9 in that the circuit of FIG. 10 does not include the transistors M7 and 
M8. 

To illustrate operation of the circuit of FIG. 10, a transition of states in the circuit 
will be described. In an initial state, the same conditions exist as existed in the initial 
state described above in connection with FIG. 9. That is, VIN = GND, N2 - VDDH, 
VOUT = GND, VINB = VDDL, Nl = GND, and VOUTB = VDDH. In operation, VIN 
transitions from GND to VDDL, and VINB transitions from VDDL to GND. Transistors 
Ml, M3, M5 and M6 turn on, and M2 and M4 turn off. The discharge current of Ml is 
larger than the charge current of M3-M5, so the voltage of N2 is reduced to GND. In this 
embodiment of the invention, the operational voltage of M5 is VDDH, but the maximum 
VIN is VDDL, so the current of M5 is limited by VIN. As a result, the difference in 
discharge and charge current of the present embodiment is larger than that of the 
conventional level shifter. As a result, the discharge speed of the present invention is 
faster than that of the conventional level shifter. 

While this invention has been particularly shown and described with reference to 
preferred embodiments thereof, it will be understood by those skilled in the art that 
various changes in form and details may be made therein without departing from the 
spirit and scope of the invention as defined by the appended claims. 
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